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ABSTRACT

A R&D programme has been launched in partnership
between CEA, AREVA NP and EDF, addressing the neéds
the ANTARES programme of AREVA meant at developamg
indirect cycle flexible modular HTR operating atO8& for
electricity generation and/or heat production fodustrial
processes and exploring the potential of this typeeactor
for higher performances in terms of fuel burn-updan
temperature (VHTR objective), in particular for &ipation to
hydrogen production. Demonstrating the viabilitydathe
performance of the HTR/VHTR requires meeting a neindj
significant technical challenges for each followpmgject:

Design and safety analysis for the HTR/VHTR nedws t
development of computational tools. This requireemrding
the existing codes and developing coupled cal@anatiin
reactor physics, thermo-fluid dynamics, mechanisvall as
the validation of the codes based on experimenti@lises.

The HTR/VHTR fuel identified as TRISO-coated
particle must exhibit excellent performance in gpieg and
accidental conditions. The main R&D goals are:
development of manufacturing process, the fuelifijcation
based on irradiation and heating safety tests amal t
development of fuel behaviour models including perfance
data, failure particle prediction and long-termedpity of the
coating.

The material and component technologies that hae t
investigated in normal and accident conditionsANTARES
and VHTR objectives are those of respectively, mnedi
temperature (~ 450-650°C) for vessel structures eoid
internals, high temperature (~ 650-950°C) for priyrrcuit,
intermediate heat exchanger and very high temperatu
(~ 1000-1650°C) for reactor core structural elerseimt order
to demonstrate that materials have adequate peafaenover
long service life under impure helium environmentda
constraints, the research programme focuses onommicr
structural and mechanical property data, long-teradiation
behaviour, corrosion, modelling and codification désign

the

rules as well as qualification of components inrespntative
helium test loop.

The key issues of the R&D programme on hydrogen
production technologies include: developing andnoiging
the thermo-chemical water splitting processes ef‘tulphur
family”, evaluating alternative thermo-chemical hygen
generation processes, advancing the high temperatur
electrolysis process, defining and validating tedtbgies for
coupling the reactor and the process plant atréiffiescale.

This paper addresses the R&D work that has been
launched since 2001. It is envisioned that the mesults to
establish the viability issues are expected by 2840 will
benefit the cooperation within the Generation Iternational
Forum and in Europe with the Euratoff@nd 7' Framework
Programmes.

INTRODUCTION: THE ANTARES PROGRAMME

The R&D programme on HTR technology presented in
this paper, jointly implemented by the CEA, AREVARNind
EdF, is meant at supporting the development ofdnstrial
multipurpose HTR prototype through the ANTARES
programme of AREVA NP. CEA, AREVA NP and EdF are
also strongly involved in the project RAPHAEL (cdorated
by AREVA NP) of the Euratom "6 Framework Programme,
presented in another paper [1], which brings inmgourt
complementary R&D contributions to ANTARES. The fab
partners are also involved in other internatior@peration
actions, in particular in the discussions of then&ation IV
International Forum, which hopefully will lead to fauitful
international R&D programme.

The ANTARES programme and its objectives are also
presented in this conference [2], but its main abgaristics
are briefly reminded here.

The flexibility requirement is the main driver for
selecting ANTARES design options. The objectivaadsbe
able to adapt the reactor design to different typkesises,
from electricity production to industrial heat aigptions at
different levels of temperature with possible comattion of
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different uses (e.g. cogeneration), with limitecuehes. This
requirement offlexibility leads to choose an indirect cycle,
which allows decoupling of the nuclear reactor frdifferent
possible applications. The key specific component the
indirect cycle is the intermediate heat exchant#X), which

is rather challenging: it has to transfer from piignary to the
secondary circuit a power of several hundred MWhwiigh
efficiency, to operate at very high temperaturergcoutlet
temperature) and to be compact enough to be enclosea
single vessel (with multi-loop tubular IHX desiga a back-
up). The potential of different plate type desigfe
compactness is presently examined. In order to miagi the
power, an annular core with hexagonal block typel fu
assemblies is selected, with the fuel composedtafdsard
UO, TRISO coated particles. A maximum use is madéef t
inherent safety feature of the HTR and its fuelgiihy
negative temperature coefficient, very large thérmaertia,
leak tightness of the TRISO particles to fissios gpa to very
high temperatures...) in order to simplify the safddgign.

For testing the IHX and other components (valved, h
gas duct, circulator...), test loops must be devealope the
beginning simple ones are sufficient for selectthg best
design options on the basis of “separate effecdtstelater
bigger and more complex facilities, allowing testd
representative scale and operating conditions, o
necessary for qualification.

In order to operate the reactor with a higher datet
temperature than for PWRs (for improving efficienapd
lowering the peak fuel temperature) and improvingrgins
for accident conditions, another material than PWéRsel
steel has been selected, the modified 9CriMo siEab
material must be qualified for ANTARES operating
conditions and the feasibility of vessel fabricatiassessed
(procurement of large ingots, forging, thick welglin

The graphite grades used in past HTR projects are n
more available. A selection is to be made amongeqme
industrial grades proposed by manufacturers, fdchvthere
is no experience of operation in HTR conditions dhd

The main reference design parameters are shown inselected grade must be qualified.

Table 1. Variations are still possible around theslees.

Table 1: ANTARES reference design parameters

Thermal power (MW) 600

Core outlet temperature (°C) 850

Core inlet temperature (°C) 400

Primary fluid He

Pressure (bar) 70

Fuel enrichment ~15%

Fuel discharge burn-up (GWd/tHM) 150
Secondary side IHX outlet temperature (°C) 800
Secondary fluid (for electricity generation 80% R0% Q

MAIN R&D NEEDS FOR ANTARES

As mentioned above, the IHX is a challenging
component, in particular for plate designs, as ethisr no
industrial experience with the size and operatingditions
aimed at. The temperature (850°C) and environmental
conditions (inescapable presence of impuritiesha helium
atmosphere that may induce drastic lifetime reductf the
thin IHX plates through carburisation, decarburtator
oxidation reactions) require considering other $ypef
materials (nickel base alloys) than industriallgdidor plate
IHX. The existing databases on mechanical properéigeing
and corrosion of these materials have to be widely
complemented in order to be able to select the most
appropriate material in 2007 and then to qualify selected
material. The fabricability of the IHX (forming ks,
assembling their bundle and welding it with heapevih
such materials must be demonstrated and finally the
performances and the lifetime of the different uesdesigns
will have to be assessed in order to select thet mos
appropriate design by the end of 2008 and to bdifigula
afterwards.

For control rod cladding, which will operate in hig
neutron flux and high temperature conditions, aitgmh with
C-C composites is looked for as metallic materdqgdpear not
to be able to satisfy the requirements. The moptagpiate
composite in terms of cost, mechanical propertreadiation
and corrosion behaviour is to be selected and fipdhli

Europe has acquired in the past a large experiefce
manufacturing and operating in HTRs high qualityl$@&
fuel. The high performance of such fuel in normald a
accident conditions has been fully demonstratedliiigation
up to ~ 80 GWd/tHM and to a fuel temperature ~ 2006&
evidence of significant margins for higher perfonoa). Such
high quality fuel manufacturing techniques musréeovered
and even improved in order to reach the higheroperdnce
target of ANTARES. Such higher performance must be
demonstrated.

The existing design computer tools are not satisfgc
for designing a modern HTR. Design tools inherifemim
former HTR developments are obsolete: computer £ode
progressed in the last 20 years, both in terms hysipal
modelling (even if the understanding of HTR physics
acquired from past experience remains useful) andrins of
architecture. On the other hand, modern tools ufed
designing other types of reactors are not adapmiespécific
features of HTR physics. Anyway tools have to balifjed
for application to ANTARES configuration and opéngt
conditions. Nevertheless the situation is spetifieach area:

Reactor physics — the IAEA benchmarks have shown [3
that the physical modelling of specific featuresHR
reactor physics have to be improved (neutron stirggm
very heterogeneous fuel structure, neutron spectrym
and qualified,
Thermo-fluid dynamics — the state-of-the-art codes
able to model the complex flow situations in HTRit b
uncertainties in this modelling have to be betteown
and reduced for specific critical situations (mgiim the
lower reactor plenum, core bypass, flow distributio
the IHX headers...) through tests of representativekm
ups,
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Figure 1: main ANTARES R&D need milestones

ANTARES

Pre-conceptual design Lauch
Pre-conceptual design
Conceptual design Launch
Conceptual design

2004 2005 2006 2007 2008 2009 2010
R&D - Tests and Qualification R&D

Preliminary design Launch
Preliminary design

=» First fuel fabrication

=>Design tools available and stabilised
= First

=> |HX design selected <
=> HELITE loop operational for component

testing in high

System transient analysis — existing codes use@VWoR
transient analysis (like MANTA in AREVA NP and
CATHARE in CEA) must be adapted by introducing
models of specific ANTARES components (core, IHX)
and gas properties and then qualified,
Fuel performance — taking into account the spetifiaf
the HTR fuel, new modelling is to be developed and
qualified,
Mechanical design — the capability of mechanicaigte
tools for modelling specific HTR materials (e.gaphite)
and configurations (e.g. the stack of hexagonatkdmf
the core) must be assessed and specific modeltogdede
and qualified (e.g. core seismic analysis).
Moreover, it should be emphasized that R&D results
have a key role in the selection of design optiamgjesign
optimisation and prototype licensing. Thereforesihot only
important to obtain the requested R&D results, &lgb to
obtain them in due time. From that standpoint, tigt
schedule for satisfying R&D needs, as illustratedigure 1,
is to be pointed out.

The different parts of the R&D programme meant at
answering ANTARES needs are presented in the reait, s
well as results already obtained.

MATERIALS R&D

The objectives of the material R&D are:

To select the most appropriate material for each
component within a list of candidates which areckeld
among the materials that, on the one hand, have the
potential to satisfy the project design and safety
requirements and on the other hand, can be quhbfiel

be available on an industrial basis within the tifrsene

of the project, which means that advanced matewdls

no industrial experience will be considered only fo
longer term applications,

<

=»Materials selected

-

fuel irradiation

«

temperature helium [ €
=» Computer tools qualified

=»> Materials qualified

} <

To acquire the comprehensive set of data on thextes
materials required for design and licensing andualify
them for their application in the project.

This R&D is closely connected with the effort of
codification of materials for HTR/VHTR applicationsn
which AREVA NP is actively involved (in particulan the
frame of the ASME working groups) and with the difon

of design rules.

Vessel material

Two options are considered [4]:

The “hot” vessel option, in which the vessel is tkap
normal operation at a temperature in the range 400-
450°C, for which the pre-selected candidate is the
modified 9CriMo steel,

The “cold” vessel option, in which the vessel ipkat a
temperature close to 370°C, allowing the use o688
(PWR steel), with possible an extension of the ASME
code case covering the accident conditions (ab40tG

for less than 1000 hours).

Mod. 9Cr1lMo can also be considered for internaig, b
as other ferritic steels, modified 9CriMo cannothaiand
temperatures exceeding 800°C without a risk ofemisation
leading to a drastic loss of mechanical propertigsich,
taking into account temperatures reached in actiden
conditions, restricts the possibility of using m&=Cr1Mo to
the coldest internal structures.

For SA 508, AREVA NP relies on its very large datsd,
and, even if some additional data might perhapseheired
on the behaviour of this steel in accident conddidto be
confirmed), the present R&D programme is focused
mod. 9Cr1Mo (except tests performed with both nialtefor
verifying the absence of environmental effects mnpire
helium atmosphere and for emissivity measurement).

Knowing that the behaviour (and in particular theep
properties) of mod. 9CriMo and of thick welded jeinf this

on
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(a)

(b)
Figure 2: Mod. 9Cr1Mo thick welding: (a) initial GT AW
test with hot cracking (<0.3 mm); (b) optimised wals

material under irradiation is being addressed eEaropean

programme with already very positive results [4fe R&D

performed in France is focused on

*  Weldability,

« Determination of the negligible creep limit, creep
behaviour in the range (400-500°C) and creep fatigu

interaction.

After first attempts .
of GTAW welding in
which hot cracking

appeared (figure 2 (a))

and could not be = -

simply eliminated, a,  _4

programme for g
adapting welding _ o 4
processes to : =0 =
mod. 9CriMo Was Figure 3: Varestraint test

launched in AREVA NP technical centre. A simple dnsit
test procedure was developed by CEA for comparhey t
tendency of different filler materials to hot crauk
(Varestraint test, see figure 3). Finally neartigfactory
welding (no hot cracking and good mechanical penforce)
was obtained for 3 processes (GTAW, SAW and SMAW),
required for different operations in the workshoy an the

site (figure 2 (b)). Progress
is still necessary for a®™s | =~ S7OMPaeNT
process, GMAW. 035 |+

Due to discrepancies| 3 . e
between the creep| g oz ——RCC-MR!
behaviour of mod. 9Cr1Mo |2 o2 “Hotest
for moderate temperatures & os TOTASME ||
(425-550°C) in RCC-MR | o —
and ASME, databases ha¢ o e
to be revisited and| °® ¢ ——

0 5000 10000 1500p

complemented through thr

additional tests (figure 4) Figure 4: Creep properties
[5]. Moreover in order to of mod. 9Cr1Mo at
avoid having to monitor moderate temperature

creep damages trough the whole lifetime of the toeathe
vessel should operate in the negligible creep donzaid
therefore the negligible creep temperature limit tbfs

material, which is known to be in the range 4002450
should be determined more accurately. With the loélthe

newly acquired creep strain data and availablebdats it is
expected that this limit should be about 425°C tfee full

reactor lifetime (420 000 hrs). However extendeidience is
necessary for validating this preliminary result.

For design in accident conditions, it is considdiext the
existing file with data up to 788°C is sufficiert, least for
first design phases, as far as base material secoed.

Another point to improve in the material data fidé
mod. 9Cr1Mo is the creep-fatigue interaction diagrdhe
diagram presently given by the subsection NH of ASM is
very severe and leads
to a drastic reduction | P
of the admissible |£7 3"
number of cycles as| 1
soon as some creep|o.s |

damage is present|o.6 i 03,03

|
even at low level. A |04 ‘
reassessment of theo.2 ‘L/><<| 0.1,0.01
fatigue relaxation | o
data at 525 °C and| ©° 02 04 06 08 1 12

. . D fatigue
550 °C labl . : .
from tlt?e ava|EaF; Figure 5: Creep fatigue diagram,

programme with less comparison ASME/RCC-MR

penalizing behaviour (figure 5). Complementary présgigue
and fatigue-relaxation tests are necessary forircoiniy this
trend.

In a second phase, if the decision is made to use
mod. 9Cr1Mo for ANTARES, a comprehensive data iié
be elaborated on this material and the final gicaliion will
be made on a representative thick forged ring.

diagram m e interaction 9Cr

—e—RCC-MR
—A—ASME

ﬁ\——|

High temperature metallic materials
A metallic material that can operate at outlet core

temperature (850°C for ANTARES, with exploratorudies

for higher temperature) is necessary for the in¢eliate heat
exchanger (IHX). Metallic materials that can operatt
intermediate temperature levels between the imet @utlet
core temperatures must also be considered for nater

structures. A pre-selection of 2 nickel base all@lby 617

and alloy 230, has been made for operation at tbleeht

temperature level on the basis of existing data arfthal
selection of materials will be made on the basiamfR&D
programme [6] addressing the following aspects:

* Mechanical properties,

e Ageing,

» Environmental effects (corrosion in impure helium
atmosphere, nidriding in secondary atmosphere tungix
of nitrogen and helium),

»  Fabricability (forming and welding).

Already a significant amount of data has been abthi
on mechanical properties, ageing, environmentatcesf but it
is not possible to decide between the two mateyiats the
result of their comparison depending on the pagicu
property under consideration. The final selectierpected
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CORSAIRE (corrosion with creep)

Figure 6: Two of the CEA corrosion loops dedicatedo ANTARES programme

early next year will follow from a compromise betwe
performances of the material with regard to diffiere
properties, the relative importance of which forBARES is
presently being assessed.

Alloy 617 and alloy 230, will not be discriminatdxy
tensile and creep properties, which are very clalseve
800°C, though alloy 230 has better tensile proesrdit lower
temperatures. As for Charpy impact values, they raueh
lower for alloy 230 than for alloy 617.

Nickel base alloys are particularly sensitive aghhi
temperature to oxidation, carburisation and dea#@htion
caused by inherent impurities {CH,, H,O, CO, CQ, CH,
are the main ones) of the helium atmosphere inimapy
circuit with large quantities of graphite. For adsking these
uniform corrosion, creep/corrosion, fatigue / csiom and
creep-fatigue / corrosion issues, a large range test
parameters have to be screened and therefore nemty t
facilities are necessary: 7 complementary heliuopsowith
controlled impurities are already operated or are i
development in AREVA, CEA and EdF (see for instance
figure 6). It has already been shown that alloy 230ess
sensitive to corrosion than alloy 617 in a represare
atmosphere of normal operation conditions (figujearnd
that, at very high temperature (above ~ 965°C) ptin¢ective
oxide layer formed at lower temperature volatiljsedich
fixes an upper bound to the operating temperatfirthese
materials [7].

in Ti_and Mn - ! 1204

U 4’ - ¢ v \
| { 74 S s ¢ ¢ ntemal
» 1 ] /4—0xidation of Al
: Internal
Yi/ oxidation of Al

Bulk

Bulk Alloy 617 .'-f Alloy 23C
Figure 7: comparative corrosion behaviour of alloy617 &
alloy 230 in representative He atmosphere (950°C08 hr)

Regarding fabricability issues of plates made ef pine-
selected materials, the main results obtained umbilv
concern:;

e The laboratory scale feasibility of plate-fin astiyn
through brazing,

« The feasibility of engraving straight or slightlyawy
channels through fast machining,

e The feasibility of diffusion bonding, even if theoggess
still requires optimisation.

For longer term possible applications with higher
performances (in particular higher temperatureplaatory

investigations on advanced materials (oxide digubsteels)
are also performed.

Graphite

On the basis of a screening of grades proposed by
graphite vendors for HTR application performed amtjgular
in the frame of the European HTR material Prograjrar@e-
selection of two grades, PCEA from GRAFTECH and NBG
17 from SGL has been made for ANTARES.

A programme has been launched with CEA on these two
grades, including comprehensive characterisatiehabour
in operating conditions (irradiation, oxidation mermal and
accident conditions and emissivity measurementadlation
will start in the CEA OSIRIS reactor in 2008. Amaidiation
test with in situ creep measurement is considened later
phase.

Composites
Composites are considered for some high temperature

applications under irradiation, most particularbyr fcontrol

rod cladding. Presently an exploratory phase issomdy in
order to identify the most favourable structuresarms of
mechanical properties, irradiation (first fibersdathen the
composites themselves) and corrosion behaviouwilltbe
followed by a programme for qualifying the selected
composites.

THE DEVELOPMENT OF THE INTERMEDIATE HEAT

EXCHANGER (IHX) AND OTHER COMPONENTS
In a first step, during the conceptual design phase

different plate IHX concepts [2] have to be disénated for

their performances in terms of heat transfer caipakithe
objective being to transfer the maximum power witte
maximum efficiency within the minimum volume) and
lifetime in HTR operating conditions and the difat factors
which can affect the performances and the lifetihthe IHX
have to be understood in order to be able to opéinthe
design. This can be done through “separate effets in
different tests loop which will provide separatethe
conditions that can affect the IHX behaviour:

* The heat transfer capability of the current heaherge
part will be measured in the helium loop HEFUS 3 of
ENEA that provides representative thermo-fluid
dynamics conditions (full pressure, helium flow erat
0.35 kg/s, but temperature only ~ 500°C) in anrabbg
of a limited number of plates. These tests wilketgtace
in 2007, in the European project RAPHAEL [1]. Tests
a helium loop operated by OKBM (Russia) are also
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under consideration with a funding from the Europea
Commission in the frame of ISTC.

e The homogeneity of flow distribution from the heatte
all the plates of an IHX module, which is a keytaoof
the IHX efficiency, will be assessed in cold cormdis in
air in the large flow rate loop PAT (flow rate k§/s,
maximum pressure 1.5 MPa, laboratory temperatufre) o
EdF (figure 8). The tests would take place in 260d
2008.

e The thermo-mechanical performance of different IHX

Figure 8: the PAT loop

concepts will be assessed through tests of small IH

require, on top of the conditions provided by HEEI& much
larger flow rate (~ 5kg/s), necessary for testsesgntative of
the behaviour of an IHX module. The loop that witbvide

these conditions will have a power in the rangeal20 MW,

but is not precisely defined yet.

The planned large helium loops will be suited fbe t
qualification of other key components (hot gas duct
circulator, isolation valves...), but in the presgftase, as
they are not available yet, dedicated test benches
necessary for initial design validations. A mock-ap the
circulator will be tested in air, most likely intest facility of
the manufacturer. For study of friction and weaués related
to component operation in the helium atmosphere,helium
tribometers have been built, one in CEA Cadaradigeiré
11) and the other one in the Technical Centre oEXRNP.
The insulation performance of different types of fas duct
thermal barriers and their behaviour in depresatios
transients are assessed in the test bench HETIMGréf12)
in CEA Cadarache. The test bench HETIQ (figurei¢3ised
for testing the performance of helium leak tigidisig seals.

FUEL DEVELOPMENT

Fabrication
A first step of development of the fabrication pres has

mock-ups manufactured with the same materials and been completed mainly in the European HTR fuel mogne

assembling methods than the actual IHX, submitted t
representative temperature gradients and transieots
that purpose, the CLAIRE loop of CEA (figure 9),iatn
has already been used for testing direct cycleperaior
mock-ups at about 500°C, is presently upgradedeto b
capable of providing an air flow (maximum 0.2 kg/s,
0.6 MPa) at 950°C and representative thermal tearsi
(cool-down ~ 300°C in 5s, heat-up ~ 300°C in 12T8g
tests will be performed in 2008.
e During the first phase, possible degradation of X

of the Euratom 8 Framework Programme [8]:
» Very small scale U®kernel fabrication by GSP process,
» Coating on dummy kernels.

Kernels and coated particles with specificationsilar to
those of the past German TRISO particles (spheritter
thickness...) could be obtained.

Based on this experience, a joint CEA-AREVA NP
laboratory scale facility (CAPRI facility) for UOTRISO
particle and compact fabrication has been built tzasistarted
operation in 2005 (figure 14) [9]. The first YJO'RISO

thermo-mechanical performances, caused by chemical particles with depleted U and the first compactthvdrO,

interactions of materials with impurities of theirpary
helium environment and with nitrogen in the secopda
atmosphere, is assessed only through elementdsy ites
which only simple specimens of IHX materials and of
their joints — and not representative mock-ups e ar

exposed to high temperature (but low pressure) and

representative atmospheres (see materials R&D).

The second step, during the preliminary design @khak
be the validation and optimisation of the seledtéX design
through more representative tests on the HELITp ledhich
will provide a first level of integration:

e Full temperature and pressure and
temperature and pressure transients,

* Representative helium atmosphere (with controlled
impurities),

e But limited flow rate.

The HELITE loop (1MW, 950°C, 8 MPa, He in primary
circuit and N + He in secondary circuit, flow rate 0.4 kg/s),
the detailed design of which is completed (figa®, will
start operation in 2009 in CEA Cadarache.

Due to its limited flow rate, only small mock-uparcbe
tested in this loop. The final qualification of thidX will

dummy particles have been obtained. Compacting teth
depleted U coated particles will be performed befine end
of 2006. In 2007, the fuel (both coated particlasd a
compacts) with enriched U will start to be manufiaet! for
the first experimental irradiation.

In a later phase, an industrial pilot line with tkey
components (sol-gel reactor and coater) identicalthe
components of the industrial production plant wile
developed and the industrial fabrication proces e
qualified.

Exploratory studies are performed on advanced fuel

representative fabrication (UCO kernel, ZrC coating).

Characterisation
Characterization methods are developed [10] [1Xh wi

two objectives:

* Allowing a better knowledge of the micro-structural
characteristics of the HTR fuel and of the corielaf
these characteristics with the fabrication paramsetsm
the one hand and with the performance of the foel i
operating conditions on the other hand, in order to
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L o o Figure 9: the CLAIRE loop

« Hot piping test section »

Figure 10: The
HELITE loop

G Pressurizer
=
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HT Cooler
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Figure 11: Helium
tribometer
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Figure 12: HETHIMO
(HE THermal Insulation MOck up)

Figure 13: HETIQ
(HE Tlghtness
Qualification)
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Kerndl fabrication Coater )

«_Tumbling drum

Figure 14: CAPRI laboratory scale
HTR fuel fabrication facility

Fuel compact furnace -

—
Coated particle fabrication: GAIA facility (CEA Cadarache)

e
Compact fabrication (CERCA Romans)

improve the mastery of the fabrication process #med
quality of the product,

« Defining efficient industrial quality control mettis that
can provide in a cost effective way a clear dematish
of the very high reliability of the first barrieoif the fuel
from the industrial manufacturing plant.

Qualification
A facility for irradiation of the fuel from the CAR

facility with on-line fission gas monitoring is lgj developed

(figure 15) and will be set up in the OSIRIS readtOEA,

Saclay). A programme of 2 irradiation campaignglanned

for the qualification of the fuel from the CAPRIcility [12]:

« SIROCCOL1, at low burn-up, for assessing throughtsho
irradiation in 2008, the quality of CAPRI fabrioati and
comparing it to the quality of German fabrication,
German reference particles being introduced in sofne
the compacts irradiated in the test,

¢ SIROCCO2, at high burn-up, for assessing the
performance of the fuel from CAPRI in ANTARES
operating conditions (15% FIMA, fuel surface
temperature 1200°C and 1000°C).
An  extensive  programme  of  pre-irradiation

characterisations, post-irradiation examinatiors safety test
is planned together with the irradiation campaigns.

The qualification of the fuel manufactured in the
industrial pilot line, which can be considered egresentative
of the industrial fuel, will follow.

WASTE MANAGEMENT
The fuel cycle initially considered is once througlh

direct disposal of irradiated fuel. Nevertheless important
volume of irradiated graphite to be disposed off #re need
to fulfil Generation IV goals, in particular sustable
development, lead to study also the possibilityaahore or
less complete separation of carbonaceous matémeisfuel
(compacts from blocks, coated particles from corhpatrix,
kernels from coating layers) and then to conskigrarate
managements for the separated waste flows, witlerdift
options of disposal or recycling of the differenpas of
wastes [13].

The legacy from past programmes and the first tesul
obtained by CEA and in the frame of the European
programmes are not yet sufficient for demonstratthg
industrial feasibility of the different options, tuallow
anticipating promising prospects.

The study of the direct disposal option was stasethe
European level during the"5Framework Programme [14]
and the study is presently continued in the framhethe
RAPHAEL project [1] as it involves very long termalching
experiments.

The key issue for separation of carbonaceous wastes
the fuel, which needs substantial R&D effort, idhat level of
the compact and of the coated particle. Investigatiare
made on 2 techniques for de-structuring of compacisustic
waves and pulsed currents. First encouraging sehdve
been obtained by CEA with this last technique (&gL5).

Pulsed current
generator

Principle scheme Before treatment

After treatment

Figure 15: pulsed current de-structuring

As for irradiated graphite, its activity resultsorfn
activation of initial impurities and adsorption diSsion
products.

Activation calculation and feedback from the French
graphite moderated reactors show that the mainceoaf
activation is “C generated from nitrogen adsorbed in
graphite. Instead of separating it after irradmati@avoiding
nitrogen adsorption in graphite pores would be thest
effective solution. This is not so much an issue b®
addressed through R&D but a challenge for fabiecaand
handling.

Decontamination processes are being studied in
particular within the European HTR programme. Theyld
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allow cleaning graphite not only from adsorbed ifiss
products, but also from activated impurities.

COMPUTER
QUALIFICATION

From the late 1990’s, international benchmarks and
analyses performed in AREVA NP and CEA allowed
identifying the main HTR specific modelling devefopnt
and qualification needs. In order to consolidate arake the
identification of needs more systematic, PIRT tgpalyses
are performed. On the basis of this approach, granome of
code development and qualification programme hasnbe
defined. The main features of this programme aseriteed
hereafter.

CODE DEVELOPMENT AND

Reactor physics

A specific HTR calculation scheme, NEPHTIS, adapted
to HTR prismatic block type core calculation, haseib
developed based on the spectral code APOLLO 24@aé]the
core calculation tool CRONOS 2 [16] of CEA. Somedfic
features of the HTR cores in general and the bigpk cores
in particular, such as the double heterogeneityhef HTR
fuel (particles and compacts), the neutron spectrum
discretisation and the neutron streaming throughptgm
channels of the core blocks, have been the objet#dicated
modelling. NEPHTIS is presently operational andduser
design, even if some developments are still ongoing

Due to the scarcity of relevant experimental dale,
qualification of NEPHTIS is obtained not only thghu
comparison with such data, but also through codeoe
comparison (both with Monte-Carlo calculations parfed
with MCNP and the CEA TRIPOLI code and with refaren
APOLLO 2 full core deterministic transport calcidets.

Now, due to the fact that in NEPHTIS only prismatic
block type core calculation capability has beenetteped, the
qualification of NEPHTIS against experiments isdzhen a
two-step process in order to benefit not only friolock type
core experimental data, but also the pebble besd.one

In the first step, Monte Carlo codes are qualifigginst
all available experiments performed on both prisecnand
pebble-bed HTR configurations at criticality (zepower):
HTTR, HTR-10, Fort SaintVrain (FSV), PROTEUS,
ASTRA, HFR, etc. For experiments involving spenglfun
particular the isotopic analysis of a pebble iradgd up to
very high burn-up in HFR, which is planned in RAPHA
project [1], MONTEBURNS (coupling of MCNP and
ORIGEN for evolution calculation) will be used. Therpose

Coupe verticale gauche

of this step is to qualify the so-called “qualifiereference
code systems. As they do not make any modelling
approximation, the Monte Carlo code results depmiaihly

on the accuracy of the master nuclear data litgariethe
physical range studied. The main purpose of thist fi
approach is therefore to validate them.

In the second step, qualification of the deterntinis
industrial calculation scheme NEPHTIS can be eistadd.
When available, NEPHTIS is directly compared
experimental data available on specific configoradi of
prismatic reactors (HTTR, FSV). For all other cgnfiations,
qualification of the deterministic industrial schemis
completed by code-to-code comparisons with thereafse
code systems (MCNP for calculations based on fleshand
MONTEBURNS for those involving spent fuel) qualdien
the first step [17].

Based on this approach, a reasonable level of atadial
of the NEPHTIS has been obtained for the needsref p
conceptual and conceptual design phases.

On top of the qualification with available data @malysis of
the need and feasibility of a dedicated ANTARESical test
has been launched.

to

Thermo-fluid dynamics

State-of-the-art CFD codes (like the commercial ecod
STAR-CD used in AREVA NP and the CEA TRIO code) can
be easily used for HTR needs with only minor depmients
(e.g. the addition of an equivalent porous mediundehor of
a core physics model in STAR-CD). The main issu¢hés
qualification of the modelling for specific ANTARES
applications in order to assess the uncertaintiastzed to the
calculation results. The checking of the qualifizatof basic
physical models and elementary cases is ongoingrder to
qualify the code for calculation of complex casestical
issues (like the core conduction cool down in & lokflow
accident, the mixing of cold bypass streaks with Helium
leaving the core in the lower reactor vessel pler(sge a
calculation performed with STAR-CD in figure 16hetcore
bypass calculation, the distribution of flow frohetcollectors
to the different plates of the IHX, the reactor sedspit
cooling through the Reactor Cavity Cooling Systestt.)
have been identified: specific mock-ups will betedswhen
the design will be sufficiently defined.

System analysis
Both the AREVA NP PWR transient analysis code
MANTA, which will be used for engineering studies)d the
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CEA CATHARE code, which will be used for reference
calculations, have been adapted to HTR applicatidays
introducing laws for gas and mixture of gas cirtiola
(physical properties, friction coefficients, heatarsfer
correlations) and models for HTR specific composent

[1] and will be benchmarked with the results of foéure
SIROCCO irradiations.

Coupling of codes
Together with CEA, AREVA NP is involved, for thenlg

(circulator, IHX, core, etc.). term evolution of its design computer tools, in the
Qualification with code to code benchmark - ,, NEPHTIS STAR-CD T
(MANTA with CATHARE from CEA, LEDA from QE A
EdF, RELAP 5, REALY 2 from General Atomics ; p——— galts

ASURA from Mitsubishi [18]) and comparisor; - BEraIYE
with available experimental data (HTR-1§ 6| SR i 'ggEgRgm{ 101
transients, EVO loop, HEFUS 3 loop (ENEAS ; pe——— H i
South African micro-model...) is partly complete% ) — ‘ éégé
and provides a sufficient confidence level fc gie
design studies. ) — é?}f%
Fuel performance | — | i

A code dedicated to HTR fuel performance, Figuroé()S 18: NEPHTIS/STAR- 2ii2his Z
ATLAS, is being developed by CEA[19]. It allows CD coupled core calculation Hi r
coupling the modelling of the thermo-mechanical *
behaviour (see for instance a calculation of the 12 iteration Convergence
amoeba effect in figure 17) in of the coated phrtand the development of a multi-scale, multi-physical moihgjl

calculation of fission product releases to be cedplithin a
single code. A statistical approach allows modgllithe
behaviour of thousands of particles in a fuel elenaad then
thousands of fuel elements in the whole core [Z0k fuel
materials properties used in the code are frontithe being
extracted from literature, but an “analytical” uiation
planned within the RAPHAEL project [1], will prowddata
on the behaviour of fuel materials from CAPRI mautfiring
facility as a function of integrated fast fluence.

Temperatures

Stresses

Figure 17: the modelling of the amoeba effect
with the ATLAS code

For qualification of the ATLAS code, AREVA NP and
CEA are patrticipating in international code to caohel code
to test benchmarks in the frame of the European HIéR
programme and of IAEA CRP6.

In particular ATLAS calculations are being compared
with the results of the European irradiations aafibtty tests

approach. In the shorter term, depending on tHerdift time
scale of the different phenomena, the code couptiegds
which are the most important to implement for HT&sidn
are those which allow iterations between reactoysiols,
thermo-fluid dynamics, and system analysis, withtop
priority to reactor physics/CFD coupling, due tce thery
large temperature gradients existing in the cofechivhas an
important feedback on the neutron cross sectionerefore a
coupling has been developed between the core dusijjof
NEPHTIS, CRONOS 2 and STAR-CD. Coupled core
calculations show the impact of the coupling on posver
and temperature distribution (figure 18).

HYDROGEN PRODUCTION

The two main so-called viable hydrogen high
temperature production processes that might beledup a
HTR/VHTR are the lodine-Sulphur thermo-chemical leyc
and the High Temperature Electrolysis process. Be#d to
be addressed from the point of view of feasibility,
optimisation, efficiency and economic evaluatiom fmall
and large scale of hydrogen production rates. darifiow
sheets need to be analysed, based on differemitees for
key issues. Then non nuclear material data, chgmisid
thermodynamic databases need to be set up through
laboratory scale tests. Performance and optimizatfoboth
processes will be assessed through integratedotst from
laboratory scale to pilot scale before constructiag
demonstration scale prototype. This will lead toe th
development of non nuclear component such as addanc
process heat exchangers.

In parallel, other thermo-chemical cycles will
compared to the lodine-Sulphur Thermo-chemical €yeid
High Temperature Electrolysis processes in terniedinical
and economic performances in dedicated or cogearrat
hydrogen production modes.

Hydrogen process coupling technology with the rarcle
reactor is another key issue. The balance of pldhhave to
be optimised not only for mass and thermal balabaealso

be
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Heat

according to design-associated risk analysis fmitilig, to

the possible extent, the interfacing events betwkemuclear
and the non-nuclear plant, notably hydrogen exptgsi
tritium permeation and thermal disturbance causgdhe

hydrogen production system. This will require dep#hg

specific components.

| |

T80 — } o

Section Il

Dissociation

805 (1
} T 40C [}

Recombination

83

HI

Décomposition Dissociation
K804 (6)

ﬁ T Saction 1

characterization are investigated [22]. An appadfigure
20) for the characterisation of the selected malteis being
developed, especially to test their permeabilityf aelectivity
properties.

On the other hand, corrosion tests are necess@aysEss
the maximum temperature and acidity acceptable itiond,
the long term behaviour and the corrosion mechagism
Immersion tests performed in separate acids up4@°Q
showed that tantalum and zirconium seem to be thetm
relevant metallic materials; nevertheless localisedosion
has been observed on zirconium in liquid Bunserditiom
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The lodine-Sulphur (I-S) cycle

In the assessment of the thermo-chemical |-&¢tloe
overall efficiency of the process is one of the tmowgportant
parameters.

Therefore, it appears essential to dedicate agtR&D
effort on the sections | and Il (figure 19%p improve the
models and the thermodynamic efficiency of the whojcle
[21]. Experimental data are required to optimisthbdlx and
Bunsen sections. The R&D programme will involve, the
one hand, design and building of appropriate reaciod, on
the other hand, development of specific analyticathods to
determine the composition of the liquid phasesh witainly
spectroscopic techniques (UV-visible spectro-phatiom
ICP-AES,...), and of the gas phases, with opticafjdistics
(IR, Raman,...).

The innovative distillation-reactive concept foreth
HI/1,/H,O mixture has a poor efficiency, mainly because of
poor HI/H, conversion in vapour phase. Thus, advanced
separation technologies, which include inorganidrbgen
separation membranes for efficient HI decompositiare
being studied to improve the process scheme. The
mechanisms involved in the selective properties of

membranes (surface reactions, pores and partides)sthe
manufacturing process of thin layers deposits sthapno-
Thermocouple T2

Catalyst supports

—
HL H,, H0,1,

Heater Membrane
Figure 20: Membranes testing device

materials and the evaluation of the relevant method

10000

(H,SOx-HI-1 , 10Wt%-10wWt%-70Wt%), (figure 21).

R T TR P

1000

S | s

OH254
oH

mmixte

Vitesse de corrosion / pmran

Tartale Zirconium  Hastelloy B3

Figure 21: Electrochemical tests and corrosion rate
of metallic materials

High Temperature Electrolysis (HTE)

The CEA started a programme on HTE consistetit wi
the developments performed on the I-S cycle. Iminly
composed of developments of models for the cell
(thermodynamics, kinetics, development of anode and
cathode catalysts, electrode layers, micro-modgliysico-
chemical analysis) and for the system (generaliteatire of
a stack, scale effects....) on the basis of the séviéity of a
SOFC. The programme aims to the development of & HT
demonstrator, able to deliver at least 200 ,JhHwith the
Norwegian University of Science and Technology.

CONCLUSION

The R&D programme which has been defined and which
is presently implemented jointly by AREVA NP, CEAd
EdF is fully addressing the needs for the first gesa of
ANTARES design. It has already produced significasults
(e.g. development or improvement of a set of compabdes
which are now operational for design, with a sidint level
of validation to be confident in their results foade studies
undertaken in the present design phase for sedettin most
appropriate design options, providing of key matsridata,
production of the first U@coated particles) and it is on the
verge of providing key results for the whole projdike the
choice of material for the IHX. Nevertheless foteladesign
phases and for licensing, much more results wilhéeessary
until full qualification of the fuel, the materialsthe
components and the computer codes. Large testtifil
helium loops, sophisticated irradiation rigs, etdjich are
presently only planned, will be necessary.

Therefore a very important R&D effort is still raoped
for developing modern HTR/VHTR. A large part ofgtiR&D
programme is generic, common to all present prejelt
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order to complete it in a reasonable period of tamel to [10] Tisseur, D., Blanchet, J., Duny, P.G., Vitali, M.P.

make the best use of available resources, intemsdti Peix, G., Létang, J.M., 2006, “Quality Control ofgH
cooperation and pooling of available research meians Temperature Reactors (HTR) compacts via X-Ray
necessary. Such international cooperation alreadyseat the Tomography”, Proc. HTR-2006, Johannesburg, (South
European level or within bilateral agreements anchas Africa)

already proved to be very useful, producing relévasults.
The success of the present effort undertaken by the
Generation IV International Forum for widening thame of
international cooperation is a key point for thecass of the
whole development of HTR/VHTR.
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